Machining operations of aluminum structural parts are typically carried out under high feeds and high cutting speeds. These cutting conditions exert thermal and mechanical loads on the workpiece, which cause changes in the subsurface material. Residual stresses belong to the machining induced changes and can lead to considerable rejection rates as a consequence of part distortion. Due to the significant economic importance, it is essential to investigate the influence of the machining process on the residual stresses in aluminum. This paper presents the influence of cutting parameters and tool geometry on the level of residual stress in workpieces out of forged aluminum alloys.
INTRODUCTION
The development of machines and cutting tools has enabled very high material removal rates through the technology known as high performance cutting (HPC). This possibility offers an efficient solution for manufacturing of thin monolithic components. The advantage of high performance cutting in comparison to conventional milling processes are very high feed speeds by high cutting rates, which enable significantly reduced production times [1] [2] .
An efficient and flexible manufacturing process is a requirement in the aerospace industry in order to cope with the market unpredictability. This requirement, together with the need to reduce fuel consumption, has led to the design of thin monolithic components. Generally, such components are produced out of prismatic aluminum blocks in order to avoid large stocks of preformed parts and additional weight due to fixture components like bolts, screws and pins. Therefore, up to 95% of the weight of the raw material has to be removed through machining processes [2] [3] .
In the last years the research work has focused on accomplishing these extremely high material removal rates. However, the influence of these production processes on the properties of these manufactured components has not been sufficiently investigated. The relationship between the process variables, like cutting parameters, tool geometry and cooling strategy, and the introduction of residual stresses during machining operations has not been sufficiently understood [4] .
The residual stress state of a workpiece can significantly extend or shorten its lifetime. Furthermore, part distortion is a function of residual stresses and is caused by complex relationships between material processing, component design and manufacture. Residual stresses become important concerning part distortion especially for thin monolithic aerospace components [5] .
Residual stresses are defined as mechanical stresses in a solid body, which is currently not exposed to forces or torques and which has no temperature gradient [6] . They can be attributed to mechanical and thermal loads, which both occur during machining processes in an interdependent manner [ On the one hand, the mechanical loads exerted by the forces on the workpiece lead to the creation of compressive residual stresses. On the other hand, rapid cooling of the very hot contact zones causes a shock on the superficial workpiece layers, which leads to tensile residual stresses. For this reason, it is fundamental to measure separately both, the mechanical and thermal loads, and to relate them to the machining parameters and tool geometries used during machining. This enables the analysis of the machining process as a system according to its influence on the final residual stress state [13] .
Research has been carried out in order to find the relationship between the machining process and residual stresses. Plöger investigated the influence of high speed cutting on the residual stresses in turning of AISI 1045, while Gey researched the influence of the cutting parameters on the residual stresses in end milling of TiAl6V4 [12] [15]. However, there is limited study on the effect of machining processes on residual stresses in aluminum alloys [5] [16]. Therefore, a comprehensive study of the influence of machining conditions on residual stresses in high strength aluminum alloys is much sought after in the manufacture of large and thin monolithic aerospace components. Furthermore, according to Plöger, the prediction of residual stresses is, until now, only qualitatively possible. This is due to a lack of knowledge necessary to predict the values of the residual stresses and ultimately the distortion of the workpieces after machining [12].
EXPERIMENTAL PROCEDURE
Different cutting experiments have been carried out in order to investigate the influence of machining parameters, tool geometry and cooling strategy on the residual stresses. The machining tests were performed on
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a Heller MC16 milling centre. The maximal machining parameters of this milling machine are angular speed of n = 24000 rpm and feed velocity of vf = 40 m/min by a power of P = 25 kW, as shown in Figure 1 . Relevant process parameters have been varied in order to determine the influence of different mechanical and thermal loads on the residual stresses in parts out of aluminum. The range of variation of each process parameter is shown in Table 1 . The machining tests have been carried out on robust aluminum blocks with a thickness of 35 mm. This has been done in order to avoid any deformation, which could lead to inaccurate results of residual stress measurements. The work piece material is Al7449 T7651. This material exhibits low residual stresses throughout its whole depth of ± 25 MPa.
The residual stresses have been measured with a 2-circle Bragg Brentano-Diffractometer of the type Seifert XRD 3000 P using CrKα radiation with 30 kV, 35 mA and a position sensitive detector. The analysis of the residual stresses was done according to the sin 2 -ψ method using the grid plane 311 with an angle of 2θ = 139.31°. Under these conditions, the maximal penetration depth of the radiation amounts to 11 µm.
Successive electropolishing in areas of 10 x 10 mm has been carried out in order to measure the residual stress at different depths within the subsurface zone. These measurements were stopped after reaching a depth, at which the determined value is close to zero. In this case a depth between 150 and 300 µm was reached.
Past results have shown that it is indispensable to analyze a residual stress depth profile within the subsurface zone. This is caused by two different reasons. On the one hand, the residual stress measurements at the rough machined surface exhibit a relatively poor quality due to a significant variation of the angle of incidence of the x-rays. On the other hand, the stress maxima during the machining process are usually present in a region below the surface. Therefore, the maximum residual stresses are created within a layer under the surface [5].
EXPERIMENTAL RESULTS
The first varied machining parameter in these investigations is the cutting speed vc. A broad range of values for this parameter has been studied. The lowest values correspond to a very conservative machining process (vc = 250 m/min) whereas the highest values lay within the high speed cutting range (vc = 1900 m/min). This variation leads to a considerable decrease of the machining forces and an increase of the cutting temperatures in the contact zone between cutting tool and work piece material. The combination of this thermomechanical loads on the material causes an increase of the maximal compressive residual stress by an increase of the cutting speed. Figure 3 shows three representative results. The lowest cutting speed causes a maximal compressive residual stress of σ = 205 MPa. The highest cutting speed of this study leads to a maximal compressive residual stress of σ = 270 MPa. However, the depth at which the maximal compressive residual stress is measured remains nearly constant at a depth of approximately 50 µm. A variation of the feed per tooth also leads to different levels of residual stresses within the subsurface zone. An increase of this parameter from fz = 0.20 mm to fz = 0.30 mm leads to two effects. The maximal compressive residual stresses are higher at a greater feed per tooth and the maximum is located in a deeper layer, as shown in Figure 4 . This result is caused by the higher machining forces at the greater feed per tooth, which increase the magnitude and depth of the stress maxima. Research about the influence of the coolant supply at different machining parameters has also been carried out. Figure 5 shows the residual stresses measured after dry and wet machining for two different cutting speeds. In both cases, lower compressive residual stresses are measured at the low cutting speed. Furthermore, a slight lower compressive residual stress after dry machining can be observed. By a variation of the feed per tooth, the same trends are determined. Slightly lower residual stresses after dry milling are also measured, as shown in Figure 6 . This observation also is in coincidence with the effects described for the cutting speed variation. Figure 7 shows the very different residual stress states after the machining with cutting tools with different corner radii. A cutting tool with no corner radius leads to pronounced compressive residual stress profiles. Machining with bigger corner radii induces lower compressive residual stresses. The application of the tool with the biggest corner radius, i.e. r ε = 1.5 mm, leads to a machined surface free of residual stresses. The detected residual stresses in this case lie within the measurement uncertainty.
A possible explanation for this phenomenon is shown on the right side of Figure 7 . The corner radius has a very significant influence on the undeformed chip section. In this way, the material flow in front of the cutting edge is importantly influenced. Assuming that the material flows in the perpendicular direction to the cutting edge, the undeformed chip thickness h is constant throughout the cutting depth for a cutting tool with no corner radius, see Figure 8 . In this case, the undeformed chip thickness h is equal to the feed per tooth fz. In the case of a cutting tool with a corner radius, the undeformed chip thickness h is not constant. Between the work piece surface and the beginning of the tool corner, h is equal to the feed per tooth. Beyond this point, h decreases up h = 0 mm at the secondary cutting edge. If the undeformed chip thickness h is lower than the minimal undeformed chip thickness, then the material at the work piece new surface is squeezed without real chip formation. Through this process, the thermal influence on the new work piece surface increases, leading to the described shift of the residual stress profile.
Further investigations have been carried out in order to investigate the influence of the corner radius on the residual stresses at various machining parameters. The second cutting tool presented in this paper was used with this aim, since it enables a wider variation of the corner radius.
The upper section of Figure 9 shows the residual stress depth profiles obtained after machining with three corner radii at a constant cutting speed vc = 1250 m/min and two different feeds per tooth fz = 0.1 mm and fz = 0.2 mm. The most significant influence on the residual stress profiles in this case is caused by the variation of the corner radius. The decrease of the feed per tooth does not lead to significant changes in the residual stresses, as shown by the very good congruence of both curves. The lowest corner radius leads to minor compressive residual stresses. An increase of the corner radius shifts the curves towards tensile residual stresses, which can be actually measured in the case of the biggest corner radius r ε = 3.2 mm. The lower section of Figure 9 presents the residual stress profiles after machining with the same corner radii at two cutting speeds vc = 250 m/min and vc = 1250 m/min and a constant feed per tooth of fz = 0.2 mm. In this case, the main influence is also caused by the different corner radii. No significant effect of the cutting speed on the residual stresses can be observed for the smallest r ε = 0.4 mm and the medium corner radii r ε = 1.60 mm. However, the residual stress profiles do not present a good congruence for the biggest corner radius r ε = 3.20 mm.
One possible explanation for this phenomenon is the fact that the significant variation of the cutting speed leads to an important change of the minimal undeformed chip thickness. In this way, this value is exceeded at the low cutting speed of vc = 250 m/min but not at the high cutting speed of vc = 1250 m/min. This fact causes then very different deformation and friction processes under the cutting edge, resulting in the different residual stress profiles shown.
CONCLUSIONS AND OUTLOOK
Machining operations influence the final residual stress depth profile within the subsurface zone of aluminium work pieces significantly. The results contained in this paper show a dependence of the residual stresses on the machining parameters, the cooling strategy and the cutting tool geometry. An increase of the cutting speed vc or the feed per tooth fz leads to higher compressive residual stresses. Besides, no significant influence of the absence of coolant during the machining on the residual stresses has been observed. Furthermore, the cutting tool geometry has a dominant influence on the residual stresses. An increase of the corner radius implies changes in the undeformed chip section, which cause different deformation and friction processes in front and under the cutting edge, resulting in different residual stresses.
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